Abstract. Alpha-Zearalenol (α-ZEA) is one of derivatives from Zearalenone (ZEA) which impacts mammalian reproduction and development. Previous studies have shown that pigs are sensitive to the estradiol-like effects of α-ZEA. However, the effect of α-ZEA for the early embryonic development has not been fully studied. The objective of this study was to identify the direct toxicity of α-ZEA on porcine preimplantation embryonic development, embryo quality and expression of developmentally important genes. Presumptive zygotes were cultured in porcine zygote medium 3 (PZM-3) in the presence of α-ZEA (n=2,957) or 17β-estradiol (E2) (n=1,333) dissolved in 0.1% Dimethyl Sulfoxide (DMSO) from 24 to 84 h post insemination followed by determination of apoptotic cell numbers and transcript levels of BAX, BCL2L1 and POU5F1 in blastocysts. Cleavage rates on day 2 were significantly decreased in 10, 30 and 60 μM α-ZEA groups; whereas blastocyst rates on day 6 were significantly decreased in the 30 and 60 μM of α-ZEA groups. Only the 100 μM E2 group significantly decreased cleavage and blastocyst rates. Total cell numbers (TCN) in blastocysts were significantly lower in the 10 µM α-ZEA group, but no differences in apoptotic cell rates were found. The expression levels of POU5F1 and BCL2L1 transcripts were similar; however, levels of BAX transcripts and the BAX/BCL2L1 ratio were increased in both α-ZEA groups. Since α-ZEA and E2 did not elicit similar effects, results suggest that α-ZEA might impact porcine preimplantation embryonic development through pathways other than estrogen receptor binding. Key words: α-ZEA, Porcine, Embryonic development, Gene expression, Porcine (J. Reprod. Dev. 58: [338][339][340][341][342][343] 2012) M ammalian embryogenesis is a fascinating process that is essential for setting the stage for later development. Embryonic development is sensitive to environmental toxicants such as mycotoxins. There are more than 1,500 existing environmental mycotoxins such as Zearalenone (ZEA), which is a nonsteroidal estrogen. Zearalenone mimics the hormone estrogen and thereby affects early porcine embryonic development.
The objective of this study was to determine the direct toxic effects of α-ZEA on porcine preimplantation embryonic development, embryo quality and expression of developmentally important genes. Findings from this study are expected to shed light on the molecular details of ZEA's effects on embryos at the onset of mammalian embryonic development, and how embryonic gene expression is disrupted.
Materials and Methods
We isolated oocytes from porcine ovaries that were obtained from a local abattoir. All chemicals were purchased from Sigma-Aldrich, St. Louis, MO, except those stated.
In vitro production of embryos
Pig ovaries were obtained from a local slaughterhouse and transported to the laboratory in saline at 30 C. Cumulus oocyte complexes (COCs) were aspirated from 3-6 mM follicles using 18 g needles. COCs with more than three layers of cumulus cells and having homogeneous cytoplasm were collected, washed three times in TL-HEPES-PVA, and matured in Tissue Culture Medium 199 (TCM-199, Invitrogen, Carlsbad, CA) supplemented with 0.1% polyvinylalcohol, 3.05 mM D-glucose, 0.91 mM sodium pyruvate, 0.57 mM cysteine, 20 mM pyruvate stock, 25 µg/ml gentamycin, and 0.5 µg/ml LH and FSH. Fifty COCs were matured in 500 µl maturation medium under mineral oil at 39.5 C, 5% CO 2 in a 100% humidified atmosphere. These oocytes were transferred into maturation medium without hormones after 20-22 h until 40-44 h. Fertilization was performed in 500 µl modified Tris-buffered medium which contained 2.0 mM caffeine, 2 mg/ml BSA, 25 µg/ ml gentamycin, and 10 µl/ml penicillin-streptomycin (Invitrogen, Carlsbad, CA). Fresh sperm samples were separated by density gradient centrifugation [7] and added into fertilization drops at a final concentration of 1×10 6 sperm/ml.
Effect of α-ZEA on porcine embryonic development
Fertilized porcine zygotes were randomly assigned to the culture media, PZM-3 (Chemicon, Temecula, CA). In vitro cultures were performed in 50 µl drops covered by mineral oil. Since α-ZEA and E2 were difficult to be solved in the culture medium, DMSO was used as a solvent. The final concentration of DMSO was adjusted to 0.1% in culture medium. To account for the influence of 0.1% DMSO, another group of embryos were only exposed to 0.1% DMSO in culture medium. The first experiment included control, 0.1% DMSO, 3, 10, 30, and 60 µM α-ZEA groups. The second experiment contained control, 0.1% DMSO, 0.3, 3, 30, and 100 µM E2 groups. All these chemicals were added from 24 to 84 h post insemination (HPI). At 84 hpi, all embryos were washed and recultured in the fresh PZM-3. Cleavage rates were counted at 48 hpi, and 10% FBS was added into each drop on day 4 post insemination (PI). Blastocyst rates were counted at day 6 pi.
Detection of apoptosis in blastocysts
Total cell number and the presence of apoptotic cells in porcine blastocysts were assessed using terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) (Promega, Madison, WI) [8] . Briefly, blastocysts from control, 0.1% DMSO, and 3 and 10 µM α-ZEA treatment groups were fixed in freshly prepared 4% methanol-free formaldehyde solution for 1 h at 25 C. After incubation in a 50 µl drop of permeabilization solution [0.5% (v/v) Triton X-100, 0.1% (w/v) sodium citrate] for 15-30 min at 25 C in a humidified environment, blastocysts were washed twice in 50 µl PBS/PVP drops and incubated in 50 µl drops of recombinant Terminal Deoxynucleotidyl Transferase incubation buffer for 1 h at 37 C in the dark. Reactions were terminated by incubating embryos in 50 µl drops of 2×saline-sodium citrate solution for 15 min at 25 C. Blastocysts were washed 3 times for 2 min in 50 µl PBS/ PVP drops, stained in 1µg/ml Hoechst 33342, and washed 3 times (2 min each) in 50 µl PBS/PVP drops to remove unincorporated Hoechst 33342. Blastocysts were transferred onto slides and sealed by clear nail polish. Total cell numbers and apoptotic cell numbers were counted under a 40× objective of an epifluorescent microscope equipped with a 450-490 nm excitation and 520 nm emission filter (Nikon, Tokyo, Japan).
RNA isolation
QIAGEN RNeasy Micro kit (Qiagen, Valencia, CA) was used to isolate total RNA from each group according to previous studies [9, 10] . Briefly, 3-5 blastocysts were pooled in RLT lysis buffer (Qiagen, Valencia, CA) and frozen at -80 C until mRNA extraction. The lysis buffer containing blastocysts was transferred onto silica-gel membrane spin columns, and washed with RW1 buffer followed by 80% ethanol washing. Final RNA elution was conducted using 14 µl of RNase-free water. RNA concentration was detected using the Nanodrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), and RNA integrity and quality were assessed using a Bioanalyzer 2100 RNA 6000 Picochip kit (Agilent Technologies, Palo Alto, CA, USA).
Real-time PCR analysis
Real-time quantitative PCR was performed to analyze levels of relative transcripts for BAX, BCL2L1, and POU5F1 genes [11] . Primers were designed by Primer Premier 5 software (Premier Biosoft Int, Palo Alto, CA, USA) ( Table 1 ). Primer concentration was adjusted to 10 μM and all primers were tested using cDNA from in vitro-produced embryos. A Superscript III Platinum Two-Step qRT-PCR kit (Invitrogen) was used to synthesize the first strand of cDNA. Briefly, total RNA from each sample was normalized to 3.5 ng/μl and incubated at 25 C for 10 min, 42 C for 50 min, and 85 C for 5 min. Then, 2U of E. coli RNase H was added and incubated at 37 C for 20 min to eliminate RNA.
Real-time PCR reactions included 558.41ng template cDNA for each sample, primers, and SYBR GreenER qPCR SuperMix (Invitrogen). The iCycler iQ Real-time PCR (Bio-Rad, Hercules, CA, USA) machine with the following set up was used: 50 C for 2 min for uracil DNA glycosylase incubation, 95 C for 8 min 30 s for initial denaturation, 40 cycles of 15 s at 95 C, 30 s at 60 C, and 30 s at 72 C. The melting curve analysis was performed at the end, which started at 55 C and increased 0.5 C per cycle reaching to 95 C at the end of 80 cycles. Beta actin (ACTB) was used as the endogenous internal housekeeping gene. Standard curves were generated using 10-fold serial dilutions for the endogenous control ACTB and all the target genes BAX, BCL2L1, and POU5F1, by measuring the cycle number at which exponential amplification occurred. Relative differential mRNA expression levels of BAX, BCL2L1, and POU5F1 genes were calculated by normalizing their values to that of the reference gene ACTB.
Statistical analysis
Differences among experimental groups were analyzed with one-way analysis of variance (ANOVA) using SAS 9.1 software (SAS Institute Inc. Carey, NC, USA). Gene expression analyses were performed using the relative expression software tool REST-MCS beta software v2 available at http://www.gene-quantification.info/, which is based on an efficiency corrected mathematical model for data analysis. The mathematical model used was based on the PCR efficiencies (E) and the crossing point deviation (ΔCP) between target and reference genes [12] [13] [14] . Differences were considered to be significant when P<0.05.
Results

Alpha-ZEA impact of porcine embryonic development
A total of 300 to 500 porcine embryos from 11 replicates were used in the α-ZEA experiment. The control (non-treated) and 0.1% DMSO treated embryos had similar cleavage rates (44.3 ± 2.5 vs. 48.8 ± 2.6) and blastocyst rates (25.1 ± 3.6 vs. 23.2 ± 3.6). No significant cleavage rate differences were found among control and 3 μM α-ZEA groups (44.3 ± 2.5 vs. 43.9 ± 1.9), while the cleavage rate began to decrease in 10 μM α-ZEA group (44.3 ± 2.5 vs. 36.5 ± 2.2, P<0.05). In addition, cleavage rates in the 30 μM and 60 μM α-ZEA groups (23.6 ± 2.6 and 20.7 ± 3.2) decreased compared to the control and 10 μM α-ZEA groups (P<0.05) ( Table 2) . No significant differences were found in blastocyst rates among control, 0.1% DMSO, 3 μM, and 10 μM groups. However, blastocyst development decreased in 30 μM and 60 μM α-ZEA group (P<0.05) ( Table 2) .
A total of 100 to 300 porcine embryos from 4 replicates were used in the E2 experiment. Differences in cleavage rates were found in the 100 μM E2 group, compared to control (19.3 ± 2.1 vs. 30.3 ± 2.2, P<0.05) and other E2 groups (P<0.05). The blastocyst rate in 100 μM E2 group was significantly lower than the control group (22.7 ± 5.2 vs. 36.3 ± 3.5) ( Table 3) .
Detection of apoptosis in blastocysts
A total of 22, 23, 23, and 21 blastocysts were collected from 11 replicates in control, 0.1% DMSO, 3 μM, and 10 μM α-ZEA groups, respectively. In Fig. 1A and 1B, blue fluorescence indicates the total cell numbers (TCN) in a blastocyst, and the green-blue or teal fluorescence indicates apoptotic cells. There were no significant differences in average TCN (42.4 ± 4.3 vs. 40.7 ± 3.9) and apoptotic cell rates (0.7 ± 0.3 vs. 0.7 ± 0.3) between the control and 0.1% DMSO groups. No significant differences were found in the control and 3 μM α-ZEA group for average total cells and apoptotic cell numbers. The TCN in the 10 μM α-ZEA group was 26.3 ± 1.9, which was lower than other groups (P<0.05) ( Table 4) .
Apoptosis data were calculated from apoptotic cells divided by total cells in blastocysts. The percent apoptosis was increased from 0.74% in controls to 1.27% in the 10 μM α-ZEA group, but The results were combined at least 4 replications. Different letters (a, b and c) mean significantly different (P<0.05). The results were combined at least 4 replications. Different letters (a and b) mean significantly different (P<0.05). differences were not significant ( Table 4) .
Expression of BAX, BCL2L1 and POU5F1 genes
Total RNA with clear bands of 28S and 18S rRNA without any sign of degradation were used for expression analysis (Fig. 2) . Real-time PCR expression analysis indicated that the expression level of POU5F1 and BCL2L1 did not change between control and treatment groups ( Fig. 3 and 4) . Similarly, no differences were found for the BAX expression between control and E2 groups. Although the expression of BAX and the BAX/BCL2L1 ratio in both α-ZEA groups were not significantly difference (P>0.05), we observed a clear increasing trend from control to 3 µM and 10 µM α-ZEA groups. (Fig. 5 and 6 ). There were three replicates, and these results were from three different cDNA samples for each replicate.
Discussion
It has been reported that reproductive system is a major target of ZEA [15] . ZEA may cause reproductive system alteration, decrease fertility, reduce litter size, and lower the progesterone and oestradiol level. Previously, ZEA has been studied in immunotoxic, inducing apoptosis, DNA fragmentation, and enhancing polymorphonuclear (PMNs) [16] [17] [18] [19] . Oocytes provide numerous maternal proteins and transcripts that are essential for sustaining early embryonic development. That is, following fertilization, while large amounts of maternal macromolecules are used and degraded, zygotic and embryonic transcripts and proteins are synthesized in the process known as "maternal to embryonic transition" in control of early development. Thus, environmental contaminants influencing oocyte quality are therefore expected to perturb embryonic development as well.
Analysis of the direct impact of α-ZEA on porcine preimplantation embryonic development and gene expression in the blastocysts stage indicated that the development of early embryos was affected by α-ZEA in a dose-dependent manner. Compared to the non-treatment control group, 10 μM α-ZEA significantly decreased cleavage rates, while 30 μM α-ZEA resulted in decreased blastocyst rates (Table  2) . These results were in agreement with Alm et al. [20] , where 7.5 µM α-ZEA started to significantly decrease the maturation rate of porcine oocytes as compared to the control group. According to Alm et al. [20] 15 µM α-ZEA started to decrease blastocyst rates (%) and total number of nuclei (N) in blastocysts compared to the control group when in vivo-derived zygotes were cultured in vitro (26.5 ± 9.2 vs. 61.9 ± 10.0 and 15.2 ± 1.9 vs. 48.2 ± 1.9, P<0.05). In another study, 0.312 μM α-ZEA significantly decreased maturation of porcine oocytes, and increased the rate of aberrant nuclei of oocytes in vitro [21] .
Different concentrations of E2 were added in the culture medium to investigate whether α-ZEA has the same effect as E2. Only 100 μM E2 significantly decreased the cleavage and blastocyst rates compared to the control group (Table 3) . This concentration is about 10 times greater than α-ZEA which decreased embryo cleavage rates. According to Malekinejad et al. [21] , aberrant nuclei of oocytes were negatively impacted by 0.312 µM E2, and reached the greatest level by 31.2 µM E2. Malekinejad et al. [21] also found that the embryo cleavage and blastocyst rates were significantly decreased when these oocytes were matured in the medium containing 3.12 µM E2. Total cell numbers and apoptotic cell rates in blastocysts are important characteristics, used to evaluate for the quality of in vitro culture systems and in vitro embryos [22] . The results of this study showed that 10μM α-ZEA significantly decreased the TCN in blastocysts, while the apoptotic cell rates were similar (Table 4) . A previous study reported similar results, that when in vivo-derived porcine embryos were cultured in NCSU-23, the addition of 15 µM α-ZEA initiated a decrease in the blastocyst rate and TCN in blastocysts compared to the control group [20] .
We used vehicle, 0.1% DMSO, so that α-ZEA and E2 can be solved in culture medium. To ensure there was no side effect from these chemicals on cleavage or blastocyst rates, we added a 0.1% DMSO group as a second control: The cleavage and blastocyst rates were not significantly different comparing to the control group (Tables 2-4 ). The major differences of this study were that: 1) We focused to determine the side effects of environmental toxicants such as α-ZEA to the embryonic early development, while the other researchers mainly studies the effects of α-ZEA onto the oocyte maturation, cleavage and blastocyst rates. We treated oocytes in the same conditions and exposed zygotes from 24 to 84 hpi (embryonic genome activation occurs during this critical window of development) to determine the effects on developmental competency and apoptosis. The rational was that environmental toxicity may exert deleterious effects onto the early embryonic genome activation and further development.
2) The concentrations of α-ZEA and E2 used in our study were different. This was because our preliminary data showed that α-ZEA started to affect cleavage and embryonic development only at 10 μM or higher concentrations; we then used several dilutions above and below 10 μM α-ZEA (Table 2 ). In the test for E2, we found that only 100 μM E2 showed significant differences ( Table 3 ). The quality of embryos started to decrease, so that we only used several E2 concentrations up to 100 μM.
Regulation between anti-apoptotic (BCL2, BCL-W, BCL-XL) and pro-apoptotic (BAX, BAK, BAD) genes plays a critical role during the embryo preimplantation stage [23] . The ratio between BAX and BCL2L1 determines survival or death of cells [24] . It was found that the relative gene expression of POU5F1 and BCL2L1 were similar among control, α-ZEA and E2 groups. The gene expression tests were based on the data in Tables 2 and 3 ; we could examine gene expression only up to 10 μM α-ZEA and 100 μM E2 because of the quality of the embryos. Although the expression of BAX and the BAX/BCL2L1 ratios were not significantly different between 3 µM and 10 µM α-ZEA groups compared to the control group, The results were combined at least 4 replications. Different letters (a and b) mean significantly different (P<0.05).
Fig. 3.
Relative gene expression ratio of POU5F1. All groups were cultured in porcine zygote medium 3 (PZM-3) (Chemicon, Temecula, CA); from 24 to 84 hpi. There were no significant differences of the expression for POU5F1 among groups.
Fig. 4.
Relative gene expression ratio of BCL2L1. There were no significant differences of the expression for BCL2L1 among groups.
Fig. 5.
Relative gene expression ratio of BAX. There were significant differences of the expression BAX between control and both α-ZEA groups. Different letters mean significantly different (P<0.05).
Fig. 6.
The ratio of BAX/BCL2L1. There was no significant difference between 0.1% DMSO group comparing with control, and no significant difference between E2 and control groups as well. However, significant differences of the ratio of BAX/BCL2L1 between control and both α-ZEA groups have been observed. Different letters mean significantly different (P<0.05).
there was an increasing trend which might represent that blastocysts were progressing towards apoptosis although the morphology of them in α-ZEA appeared normal (Figs. 5 and 6 ). In addition, it was found that even 100 µM E2 did not increase the expression of BAX and the BAX/BCL2L1 ratio compared to the control group, and this concentration was dramatically greater than 0.3 µM, which is the level in the fluid of antral follicles [25] . Estrogen can bind to the nuclear receptors ESR1 and ESR2, and this binding might cause estrogen receptors (ERs) transactivation and overexpression of the TATA box binding protein, which regulates DNA transcription [26] . It was found that gene expression of ERs decreased gradually from oocytes to the 5-to 8-cell stage. The estrogen receptors gene was not detected during the morula stage but became detectable by the blastocyst stage [27] . In this study, porcine zygotes were carefully exposed in α-ZEA at different concentrations from 24 to 84 hpi, which covers the 4-cell stage and contemporary with lower ERs expression. In addition, during this stage, porcine embryos process a degrading maternal genome and activate the embryonic genome (embryonic genome activation; EGA), a critical period of mammalian early preimplantation embryonic development [28] . So we carefully estimate that higher toxicity of α-ZEA compared to E2 may be caused by different mechanism of action of α-ZEA during early embryonic development. To further study this phenomena, oocytes with knocking out the ER1 and ER2 receptors will be better method to fully detect the α-ZEA pathways.
Limitations of the present study include 1) We expect heterogeneity among the three pooled porcine embryos per group the total RNAs were isolated from. 2) The E2 pathway inhibitor might have been useful had we included it in this study. 3) Examining the effects of α-ZEA onto later development, i.e., fetal and live birth rate would be helpful in determining the full scope of α-ZEA's influence on development.
